ABSTRACT
INTRODUCTION
Osmotic swelling or hydrostatic inflation of cardiac myocytes and numerous other tissues evokes a volume-sensitive Cl ! current, I Cl,swell . This current is outwardly rectifying, partially inactivates at positive voltages, and is blocked by tamoxifen, biophysical and pharmacologic characteristics that distinguish I Cl,swell from other Cl ! currents (for review, see Ref. 4, 28) . Under isosmotic conditions, I Cl,swell contributes to the background Cl ! current (17, 18) and is activated in models of cardiac disease (12) and by stretching $1-integrins (7, 8) . Functionally, the activation of I Cl,swell influences both cardiac electrical activity (16, 30, 49) and cell volume (11, 12) .
The signaling underlying the activation of I Cl,swell is complex, and evidence implicates protein kinase C, protein kinase A, and protein tyrosine kinase (PTK) in its regulation in heart (4, 28) and other tissues (32) . PTK is activated by osmotic swelling of myocytes within 5 s (37, 38) and, therefore, is well-positioned to be an early step in the signaling process. Although substantial evidence indicates that phosphorylation and dephosphorylation of tyrosine residues are involved in the control of I Cl,swell , the details remain obscure. Studies with genistein, a broad spectrum PTK inhibitor, found that blocking PTK inhibits I Cl,swell in dog atrial cells (44) , calf pulmonary artery endothelial cells (51) , and rabbit ciliary epithelial cells (40) . On the other hand, genistein augments I Cl,swell in human atrial myocytes (15) , and protein tyrosine phosphatase (PTP) inhibitors suppress I Cl,swell in bovine chromaffin cells (14) and mouse L-fibroblasts (45) . Thus, interventions that lead to both phosphorylation and dephosphorylation of tyrosine are capable of inhibiting I Cl,swell .
The apparent inconsistency in the relationship between the phosphorylation state of tyrosine residues and the activity of I Cl,swell may indicate that regulatory processes are tissue or species specific, as previously suggested (32, 33) . Another possibility is that I Cl,swell is differentially regulated by various families of PTK. Recently, studies in human atrial myocytes revealed that specific inhibition of Src leads to activation of I Cl,swell , whereas specific inhibition of epidermal growth factor receptor (EGFR) kinase (ErbB-1) causes a suppression of current (15) .
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Previous studies in heart focused on the role of PTK in atrial myocytes. The goal of the present study was to evaluate the role of the Src and EGFR kinase families of PTK in the regulation of I Cl,swell in ventricular cells. As in human (15) but not canine (44) atrial myocytes, specific inhibition of Src and inhibition of multiple PTK by genistein stimulated I Cl,swell in hypoosmotic bathing media, whereas specific inhibition of EGFR kinase suppressed I Cl,swell . Moreover, the PTP inhibitor orthovanadate (21) reduced I Cl,swell and precluded its activation by Src inhibition. Src activity is not, however, the primary factor that controls the response of ventricular I Cl,swell to osmotic stress. Block of Src did not alter I Cl,swell under isosmotic conditions. Finally, we found that the time-dependent component of I Cl,swell at positive voltages could be inhibited without altering the regulation of time-independent I Cl,swell by Src. These data suggest that Src-and EGFR kinase-dependent tyrosine phosphorylation and PTPdependent tyrosine dephosphorylation participate in the regulation of I Cl,swell in ventricular myocytes.
METHODS

Ventricular myocyte isolation. Left ventricular myocytes were freshly isolated from New
Zealand white rabbits (~3 kg). Hearts were excised using methods approved by the Institutional Myocytes were used within 8 h of isolation, and only rod-shaped quiescent cells with well-defined regular striations and no evidence of membrane blebbing were selected for study.
Experimental solutions and drugs. Cells were placed in a poly-L-lysine-coated glass-bottomed chamber (~0.3 ml) mounted on an inverted microscope (Diaphot; Nikon) and were superfused with bathing solution (~22°C) at 2 -3 ml/min; solution changes were complete within ~10 s. Anion currents were isolated by replacing Na + and K + in the bathing media with equimolar amounts of N- (Fig. 1A,B) . At +60 mV, for example, swelling significantly increased the Cl ! current from 1.3 ± 0.2 pA/pF in 1T to 2.1 ± 0.3 pA/pF after 10 min in 0.7T (n = 5, P < 0.001). I Cl,swell was further enhanced by a 10-min exposure to 100 µM genistein in 0.7T (Gen). The genistein-induced difference current outwardly rectified, substantially inactivated at positive potentials, and reversed at the same potential as the swelling-induced current (Fig. 1A,C) . Addition of genistein to 0.7T increased the Cl ! current at +60 mV from 2.1 ± 0.3 to 2.7 ± 0.3 pA/pF ( n = 5, P < 0.001). Thus, the swelling-induced current with genistein (Gen ! 1T) was 163 ± 17% of the swelling-induced current without genistein (0.7T ! 1T) in same cell comparisons (n = 5, P < 0.001). Because genistein caused a much more prominent increase in the outward than the inward current with a physiologic Cl ! gradient, its stimulation of I Cl,swell was not statistically significant at !100 mV.
Tamoxifen blocks I Cl,swell but not I Cl,cAMP or I Cl,Ca and can be used to distinguish between these currents under conditions that isolate anionic currents (48, 50) . To verify that the genistein-induced current was I Cl,swell , myocytes were exposed to 10 :M tamoxifen for 10 min in the continued presence Stimulation of I Cl,swell by genistein in 0.7T was confirmed in an additional 7 cells that were not exposed to tamoxifen. On the other hand, a partial inhibition of Cl ! current by genistein was noted in 3 of 15 cells. In these cells, genistein decreased the current at +60 mV from 1.8 ± 0.1 to 1.3 ± 0.1 pA/pF (n = 3, P < 0.02).
Selective inhibition of Src. Recently it was reported that inhibition of Src family PTK stimulates I Cl,swell in human atrial myocytes (15) . To test the hypothesis that block of Src is responsible for the stimulation of I Cl,swell in rabbit ventricular myocytes, we used PP2, a selective inhibitor of the Src family (3, 23) . As before, osmotic swelling in 0.7T activated I Cl,swell ( Fig. 2A,B ). Exposure to 10
:M PP2 for 10 min significantly stimulated I Cl,swell in 0.7T (Fig. 2C) . PP2 augmented the current at +60 mV from 2.1 ± 0.3 to 2.9 ± 0.3 pA/pF (n = 7, P < 0.001); the swelling-activated current in PP2
(PP2 ! 1T) was 206 ± 10% of the swelling-activated current without PP2 (0.7T ! 1T). The effect of PP2 at !100 mV was not significant, however, as was the case with genistein. Both the PP2-and swelling-induced currents were sensitive to tamoxifen ( As before, osmotic swelling in 0.7T evoked an outwardly rectifying Cl ! current (Fig. 4A, D) . Cd 2+ largely blocked the rapidly inactivating component at positive potentials and had a smaller but variable effect on steady-state current (Fig. 4B, E) . Steady-state current in 0.7T with Cd 2+ was 109 ± 9% of that without Cd 2+ (P = ns, n = 9). The Cd 2+ -sensitive current (Fig. 4C, F) exhibited both inactivation at positive potentials and the outward-going rectification that are characteristic of I Cl,swell . After suppression of the outward transient by Cd 2+ , a delayed rectifier appeared to emerge. This is most obvious in Fig. 4E , which illustrates the myocyte with the strongest block of steady-state currents by
The remaining time-dependent component in 0.7T plus Cd 2+ was Ba 2+ -sensitive. Figure 5 shows the effect of swelling a myocyte in bathing solutions containing 0.2 mM Cd 2+ and 1 mM Ba 2+ . Under these conditions, the current was essentially time-independent over the entire voltage range studied.
Nevertheless, osmotic swelling in 0.7T increased the Cl ! current at +60 mV from 1. In 4 of these cells, we also verified that the time-independent swelling-and PP2-stimulated currents were blocked by 10 :M tamoxifen (10 min), as previously demonstrated for time-dependent currents in the absence of Cd 2+ and Ba 2+ (see Fig. 2 ). Addition of tamoxifen (Fig. 5E ) significantly reduced the current in 0.7T plus PP2 from 3.6 ± 0.4 to 1.3 ± 0.2 pA/pF (P < 0.001, n = 4), a value indistinguishable from that in 1T, 1.2 ± 0.3 pA/pF (P = ns, n = 4). As before, I-V curves after activation of I Cl,swell , its stimulation, and its inhibition all crossed near E Cl .
To determine whether Cd 2+ and Ba 2+ simply shifted the voltage-dependence of the currents to more positive potentials (11, 32) , the voltage range studied was extended. I Cl,swell remained timeindependent to at least +100 mV (n = 4), as shown in Figure 6 . ± 0.1 to !0.9 ± 0.1 pA/pF (P < 0.025, n = 6), and PP2 further increased it to !1.6 ± 0.2 pA/pF (P < 0.003, n = 6). Figure 8 shows a test of this prediction. After activating I Cl,swell in 0.7T, myocytes first were exposed to 1 mM orthovanadate for 10 min in 0.7T and then were challenged with 10 :M PP2 for 10 min in the continued presence of orthovanadate. Orthovanadate alone reduced the current in 0.7T from 3.0 ± 0.2 to 1.8 ± 0.3 pA/pF (P < 0.033, n = 4), an action opposite to that of PP2. Moreover, PP2 failed to significantly stimulate I Cl,swell after pretreatment with orthovanadate. The current in PP2 plus orthovanadate was 2.2 ± 0.3 pA/pF, a value not different than that in orthovanadate alone (P = ns, n = 4).
Symmetrical Cl
In human atria I Cl,swell is controlled by at least two families of PTK, Src and EGFR kinase, that have opposite effects on I Cl,swell in osmotically swollen myocytes (15) , and genistein usually stimulated I Cl,swell ( Fig. 1) , but inhibition was observed in 20% of myocytes. Therefore, we tested whether EGFR also regulates I Cl,swell in ventricle. Figure 9 illustrates the effect of PD153035, a highly specific and potent blocker of EGFR kinase (19). As before, I Cl,swell was activated by swelling myocytes in 0.7T, and then cells were exposed to 20 nM PD153035 in 0.7T media for 12 -15 min. In contrast to the stimulatory effect of blocking Src, blocking EGFR kinase strongly inhibited I Cl,swell . Swelling in 0.7T
increased the current at +60 mV from 1.8 ± 0.4 to 4.0 ± 0.7 pA/pF (P = 0.002, n = 4), and PD153035
reduced the current to 1.9 ± 0.4 pA/pF, a value indistinguishable from that in 1T (P = ns, n = 4).
Thus, inhibiting EGFR suppressed ~95% of the swelling-induced current.
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DISCUSSION
Previous studies in heart focused on the role of PTK in the regulation of I Cl,swell in the atria (15, 44) . The present study provides the first evidence that I Cl,swell in osmotically swollen ventricular myocytes is regulated in an opposing fashion by the Src and EGFR kinase families of PTK and by PTP. PTK are well placed to be sensors of cell volume and mechanical stretch. These signaling molecules interact with cytoskeleton, integral membrane proteins, and the sarcolemma (6), and tyrosine phosphorylation is among the earliest responses to osmotic swelling in cardiac myocytes and other cells (37, 38) . Osmotic swelling of neonatal rat ventricular myocytes leads to activation of PTK and tyrosine phosphorylation of target proteins within 5 s, although the PTK involved was not established (37, 38) . The present observation that block of Src stimulates I Cl,swell after osmotic swelling but has no effect under isosmotic conditions argues that a swelling-induced activation of Src is unlikely to be responsible for the activation of I Cl,swell . On the other hand, block of EGFR kinase inhibited I Cl,swell in 0.7T. This raises the possibility that stimulation of EGFR kinase by swelling could contribute to the activation of current seen under these conditions. Consistent with this idea, exogenous EGF activates an outwardly rectifying, tamoxifen-sensitive Cl ! current with the characteristics of I Cl,swell in rabbit ventricular myocytes (9) .
Regulation of swelling-activated Cl ! current by PTK appears to be different in rabbit ventricular and canine atrial myocytes. Sorota (44) reported that I Cl,swell is inhibited by pretreatment with genistein, whereas acute application of tyrphostin A51, an EGFR kinase inhibitor, and herbimycin A, a Src inhibitor, have no effect. I Cl,swell activated by mechanical stretch of rabbit ventricular myocytes is suppressed by acute application of either genistein or PP2 (7 found in human intestinal T84 cells (5), and a time-dependent I Cl,swell also was reported in guinea-pig myocytes with 0.1 -0.2 mM Cd 2+ in the bath solution (43) . Nevertheless, in the presence of these divalent blockers, PP2 augmented a volume-and tamoxifen-sensitive, outwardly rectifying current that reversed at E Cl with both physiological and symmetrical Cl ! gradients. These characteristics are diagnostic for I Cl,swell (4, 28) , and thus, we attribute both the time-dependent and time-independent components to I Cl,swell . One possible mechanism for the block of current decay is a shift in the voltagedependence of I Cl,swell to more positive voltages. Extending the range of test voltages to +100 mV did not elicit time-dependence in the presence of Cd 2+ and Ba 2+ , whereas current decay was evident at +20 mV in their absence. These findings argue against but do not rigorously exclude a rightward shift in voltage-dependence; a shift of more than 80 mV, which seems unlikely, would be required to explain the data. We also cannot exclude the possibility that distinct Cd 2+ -sensitive and -insensitive Although genistein is a popular tool for identifying the involvement of PTK, it previously was found to stimulate I Cl,cAMP by a mechanism that is independent of protein phosphorylation (10, 52; cf., 41, 42) and also modifies the behavior of gramicidin channels in planar bilayers by altering the energetics of the hydrophobic interaction between the channels and the bilayer (29) . Because the cardiac isoform of CFTR is expressed in ventricular myocytes (27, 58) , this raises the possibility that genistein-sensitive I Cl,cAMP might contribute to the genistein-sensitive current. Cardiac I Cl,cAMP is, however, a time-independent current at all voltages (28, 43) , exhibits a linear I-V relationship in symmetrical high Cl ! solutions (2, 34) , and is insensitive to tamoxifen (50 
